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Abstract. This paper reports the effect of seawater con-
ductivity on gain, efficiency and resonant frequency of 
a hemispherical helical antenna. The size of the copper 
ground plane for the hemispherical antenna can be re-
duced using conductive seawater as part of the ground 
plane for the antenna. Seawater increases the gain from 
6 dBi to 8 dBi but with a decreased efficiency. The simu-
lated radiation efficiency of the antenna on water surface is 
61%. This paper also reports the design of a low cost 
floating buoy. The buoy provides a waterproof setup for the 
circuitry and antenna. The buoy can be effectively used for 
shallow water coastal monitoring.  
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1. Introduction 
Recent technological advancement in oceanic engi-
neering has helped in exploring the ocean world. The focus 
is not only to explore the sea bed but to protect the oceans 
from increased human activity resulting in water pollution 
[1], [2]. An effective way to perform ocean monitoring is 
through sensor networks [3]. Ocean sensors can communi-
cate using acoustic, light or electromagnetic (EM) radia-
tion. High frequency (HF) EM waves can be used to design 
small size and low cost sensor nodes which can effectively 
monitor shallow water coastal regions. Seawater parame-
ters including salinity, conductivity, permittivity and tem-
perature are interdependent and are governed by permittiv-
ity models [4]. Ocean communication using EM waves in 
the HF range is not possible with completely submerged 
transceivers due to the high conductivity of seawater re-
sulting in high attenuation [5], [6]. Shammaa et al. con-
ducted experiments at MHz frequencies and concluded that 
through-water propagation is only possible with very high 
transmission power [5]. Floating sensor nodes can achieve 
significant propagation range with low transmit power 
exploiting surface wave propagation which suffers less 
attenuation compared to through-water propagation [7]. 
Loni et al. achieved a propagation range of 35 m using 
an insulated wire floating monopole antenna working at 
433 MHz with transmit power of 10 dBm [7], [8]. Jackson 
et al. performed experiments at 2.45 GHz with floating 
sensors and achieved a propagation range of 25 m with 
transmit power of 4 dBm [9]. Seawater in the near field of 
the antenna affects its resonant frequency, gain and effi-
ciency. The shift in resonant frequency is due to the high 
permittivity of seawater. James et al. performed experi-
ments at different frequency ranges to record the shift in 
resonant frequency [10]. He reported that the shift in reso-
nance is more significant at lower frequency and becomes 
less significant as the frequency is increased. The type of 
antenna used with sensor nodes needs to be effective since 
the ocean environment is constantly changing and power 
levels are fluctuating. A hemispherical antenna has small 
size and compact structure and so is a good substitute for 
the monopole antenna. Hemispherical antennas are de-
signed on conducting ground plane which is large com-
pared to the radius of the hemisphere [11], [12]. Hemi-
spherical antennas have also been addressed by combining 
slot and monopole or even a single monopole optimizing 
the vertical and horizontal component so as to radiate as 
a half-sphere [13], [14]. The size of the ground plane is not 
suitable for electrically small sensor nodes. This paper 
reports how seawater conductivity can be used to our ad-
vantage if the sea surface forms part of ground plane of 
a hemispherical antenna. The result is a reduced size of the 
ground plane and consequently small sized sensor nodes. 
The change in antenna characteristics from the seawater is 
dependent on the magnitude of antenna exposure to sea-
water environments as well as the sea surface roughness.  
Figure 1 shows the design of a floating buoy holding 
both the antenna and the circuit board electronics. Vacuum 
forming and 3D printing technologies were used for the 
construction of the buoy. These technologies give the ad-
vantages of low cost manufacturing and design freedom. 
Vacuum forming is used to build structures using a ther-
moplastic sheet. In this case, the sheet thickness was 2 mm 
and the material was Polyethylene Terephthalate Glycol 
(PETG). Under elevated temperature and reduced pressure, 
the plastic takes the shape of a mould and becomes a firm 
structure upon cooling. Permittivity and loss tangent of 
PETG at 1 MHz are reported as 2.4 and 0.2, respectively.  
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Fig. 1. A spherical floating sensor buoy contains a copper 
ground plane on the horizontal axis. The upper 
transparent hemisphere contains the three and half turn 
Hemispherical antenna on 3D printed ABS material. 
The lower hemisphere contains the sensor electronics.  
PETG is stronger and more reliable as compared to other 
available 3D printing materials. In addition, it can be 
printed in transparent structures. Due to lower manufac-
turing time, any complex structure can be built and modi-
fied more rapidly [15]. Recently, 3D printing has also be-
come popular to build low cost structures. The material 
commonly used for printing are Acrylonitrile butadiene 
styrene (ABS) and Polylactic Acid (PLA). Vacuum formed 
and 3D printing have the added advantage of providing 
water proof setup which is a requirement for seawater ap-
plications. A floating buoy must be waterproof and needs 
protection from severe environment hazards including rain 
and tides. The designed sensor buoy (Fig. 1) is air filled. 
A circular copper ground plane lies horizontally on the axis 
of the sphere where the upper hemisphere is the antenna 
and the lower hemisphere contains the electronics and 
sensing equipment. The complete system is waterproof and 
can be used for monitoring water quality in shallow water 
coastal areas [7]. The principal direction of the radiation 
pattern of the hemispherical antenna is directed in the ver-
tical direction which is advantageous for collecting data 
through satellite or Unmanned Air Vehicles (UAV’s). 
The paper is organized as follows: Section 2 discusses 
hemispherical antenna design and construction of the 
floating buoy. Section 3 describes the simulations and 
measurement results of antenna on water surface. Section 4 
discusses the conclusion and future work. 
2. Antenna and Buoy Design 
Figure 1 shows a three and a half turn hemispherical 
antenna mounted on a floating buoy. The antenna design 
was optimized in CST software [16]. The resonant fre-
quency was controlled by adjusting the radius of the 
sphere. The parametric equation for the hemispherical 
antenna is given in [11], [17], where  is the angle from the 
vertical axis and is the angle in the horizontal plane. The 
total length of the antenna L is given by  
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where N represents the number of turns and a is the radius 
of the sphere. The diameter of the ground plane is 120 mm. 
Equation (3) gives the length of the helical wire forming 
the hemispherical antenna which is equal to 79.2 cm. The 
radiating element of the antenna is a single conductor in-
sulated copper wire. The antenna is fed from the center by 
extending a wire from the side to the center of the hemi-
sphere. The length of the center feed is equal to the radius 
of the hemisphere. 
Figure 2 shows a vacuum formed structure for hold-
ing the antenna. In vacuum forming, as the heated plastic 
takes the shape of the mould under test, a 3D printed hemi-
sphere with antenna indentations was designed in Solid-
Works [18], using the same design parameters as that used 
in CST modeling. The mould was placed in the vacuum 
forming apparatus under differential pressure and elevated 
temperature. Due to the tracks on the printed hemisphere, 
the same tracks appeared on the inner surface of the plastic 
hemisphere in the form of narrow indentations. The radi-
ating element (copper wire, see Fig. 1 and Fig. 2) was 
glued into this indentation. This structure protects the an-
tenna from seawater and weather conditions.  
The lower part of the hemisphere holding the low 
power transmitter and ground plane was 3D printed with 
ABS material. Figure 1 and Figure 3 show the lower hemi-
sphere  which  contains  the ground  plane and a low  power 
 
Fig. 2. Vacuumed formed hemisphere with small width canals 
on the inner surface. 
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Fig. 3. Inner structure of the lower hemisphere with location 
for sensors and the antenna ground plane. 
transmitter. To improve the stability and to maintain ori-
entation of the floating sensor buoy, an anchor location was 
also printed to add suitable weights. The upper and lower 
hemispheres were combined using a gasket which was also 
3D printed. Given the upper hemisphere is optically trans-
parent, photovoltaic cells can be placed on the ground 
plane for additional power of the sensor.  
3. Measurements 
3.1 Laboratory Measurements 
Figure 4 shows the setup for return loss measurements 
carried over a water surface in the laboratory. The meas-
urements were performed in a plastic container with saline 
water. Sodium chloride (NaCl) was added until a conduc-
tivity of 5 S/m was achieved. The copper wire (antenna) 
was glued to the indentation on the inner surface of the 
upper hemisphere. The antenna coaxial feed was fixed to 
the bottom of the container and the cable was connected to 
a Portable Vector Network Analyzer (N9923A Field Fox 
Handheld RF VNA@6GHz) through a SMA connector.  
Two experiments were performed using a slightly 
modified arrangement between them. In the first experi-
ment, the saline solution was used as a ground plane. This 
was achieved using an earth wire with one end connected 
to the SMA connector and the other end was exposed to the 
saline water (see Fig. 5). In the second experiment, the 
hemispherical antenna was placed on a small copper 
ground plane floating in the saline water. The coaxial cable 
and SMA connector were pulled through a sealed pipe to 
protect the feed point from direct contact with the saline 
solution. The copper ground plane was insulated from the 
water.  
The measurements were performed over a frequency 
range of 0 to 1 GHz. The saline solution was gradually 
poured in the water tub and the change in the return loss 
was measured. The measurements were recorded until the 
saline solution reached the lowest turn of the hemisphere.  
 
Fig. 4. Setup for return loss measurements. The coaxial feed 
cable is fed through the bottom of the plastic container. 
The water conductivity was 5 S/m.  
 
Fig. 5. Saline solution used as ground plane. One end of the 
earth wire was attached to SMA connector and the 
other end was exposed to saline water. 
The conductivity level was monitored with a WP-81 con-
ductivity meter from TPS Pty Ltd. 
3.2 Results 
Figure 6 shows the simulated and measured results 
when saline water was used as a ground plane for the an-
tenna. Simulations showed a return loss of –30 dB at 
465 MHz. The measured resonant frequency was recorded 
as 429 MHz with a return loss of –38 dB. The simulated 
radiation efficiency for the antenna on the water surface 
was calculated as 19.5%. These results show that water as 
ground plane results in a significant reduction of radiation 
efficiency. This is too low for most practical applications. 
To increase the antenna efficiency, the copper ground plane 
with diameter 120 mm was included under the hemispheri-
cal antenna. The antenna with copper ground plane was 
first tested in air and then floating on the water surface.  
Figure 7 shows the comparison of simulated and 
measured results for the antenna with copper ground plane. 
The simulated and measured resonant frequencies in air 
were recorded as 772 MHz and 765 MHz, respectively. On 
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Fig. 6. Simulated and measured return loss measurements 
with seawater as ground plane.  
the water surface, the simulated and measured resonances 
were 723 MHz and 740 MHz, respectively. The frequency 
shift in the measured frequencies was 25 MHz, however; 
for simulated results it was calculated as 50 MHz. We can 
also observe that the water surface increased the bandwidth 
of the antenna. The simulated radiation efficiency of the 
antenna over the water surface was calculated as 61%. 
A comparison between the two experimental results (Fig. 6 
and Fig. 7) shows that the antenna on the water surface is 
matched to a lower frequency, i.e. 429 MHz. The introduc-
tion of the copper ground plane shifted the resonance to 
a higher frequency. The shift in resonance is due to the dif-
ferent surface impedance given by the seawater and the 
copper ground plane. The complex permittivity (r) of the 
saline solution is a function of the operating frequency [4]. 
The permittivity values at 429 MHz and 740 MHz were 
calculated as 71 – 206j and 71 – 121j, respectively [4], [7].  
Figure 8 shows the simulated radiation pattern for the 
antenna arrangements discussed above. Ideally, a hemi-
spherical antenna on an infinite ground plane would radiate 
in the vertical direction ( = 0)	 with no back lobe 
( = 180). Simulation results for the antenna with copper 
ground plane in air shows a large back lobe. The reason is 
the finite size of the copper ground plane. The same an-
tenna when placed on the water surface results in reduction 
of the back lobe with more radiation directed in the vertical 
direction [19]. The saline solution behaves as a lossy 
ground plane, although there is no physical contact be-
tween the saline solution and the copper ground plane. The 
lowest gain was calculated when the saline solution was 
used as the ground plane. The reason for the low gain is the 
high radiation absorption by seawater which reduces the 
radiation efficiency to less than 20%. These results show 
that the saline solution alone cannot be used as a ground 
plane. However, a combination of the copper ground plane 
and the seawater increases the gain at the cost of decreasing 
efficiency compared with an infinitely large conducting 
sheet. The size of the copper ground can be increased to 
improve the radiation efficiency. The copper ground 
(120 mm) increased the efficiency to 61% making it more 
suitable for  installation  in a sensor  node.  The  size  of the 
 
Fig. 7. Simulated and measured reflection coefficient (S11) for 
the hemispherical antenna in air and with the ground 
plane (120 mm). 
 
Fig. 8. Simulated radiation pattern of the sensor buoy in air 
and over the saline water surface. 
ground plane and radiation efficiency can be traded off 
depending on the application of the sensor node. Increasing 
the size would increase the efficiency of the antenna but the 
size of sensor node would increase too. This is not desira-
ble for our ocean monitoring applications. 
This antenna can achieve a significant propagation 
range with a low power transmitter. Figure 9 shows the 
prototype design for the floating buoy mounted with the 
hemispherical antenna. A low powered transmitter and 
copper ground plane are located within the sensor buoy. 
The design is waterproof, however; it can easily be opened 
to replace batteries and other electronic equipment. The 
buoy can be anchored by adjusting the weights located at 
the bottom of the structure.  
The radiation pattern of the hemispherical antenna 
(see Fig. 8) is directed in a vertical direction with an 8 dB 
decrease in the back lobe radiation and 2 dB increase in the 
vertical direction. This is advantageous for data collection 
from the floating sensor nodes. Real time information from 
the sensors can be retrieved by an Unmanned Air Vehicle 
(UAV) flying over the sensor nodes or through remote 
sensing utilizing communication satellites. 
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Fig. 10. Prototype of vacuum formed hemisphere with antenna 
glued to the small width canals on the inner surface.  
4. Conclusion 
Vacuum forming and 3D printing techniques were 
used to manufacture a low cost floating buoy prototype. 
The vacuum formed hemisphere protects the hemispherical 
helical antenna from environmental hazards which includes 
rain, high tides and ocean waves. The buoy includes 
a hemispherical antenna with a small ground plane. Sea-
water was partially used as a ground plane which increased 
the gain of antenna. The highly conductive seawater has re-
sulted in transforming the radiation pattern which gives us 
the liberty to use a small sized ground plane. The simulated 
radiation efficiency was 61%. The designed buoy is low 
cost and can easily be modified to accommodate sensors 
for collecting information from oceanic environment. The 
propagation range measurements can be performed with 
low power transmitter (10 dBm) which will influence the 
density (nodes per m2) of the sensor network. The radiation 
pattern of the antenna is directed in the vertical direction 
which is advantageous for communication with satellites or 
passing UAV’s.  
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